Uncertainty in water resources management is in part about variability and in part about ambiguity. Both are associated with lack of clarity because of the behavior of all system components, lack of data, lack of detail, lack of structure to consider the water resources management problems, working and framing assumptions being used to consider the problems, known and unknown sources of bias, and ignorance about how much effort it is worth expending to clarify the management situation. The two major sources of variability are temporal and spatial heterogeneity. Temporal variability occurs when values fluctuate with time. Other values which are affected by spatial variability are dependent upon location of an area. A major part of the water resources management risk confusion relates to an inadequate distinction between the objective risk (real, physical) and subjective (perceived) risk. Because of the confusion between the two concepts, many characteristics of subjective risk are believed to be valid also for objective risk. The main objective of this paper is to initiate a discussion of the possible methodology for the reliability analysis of water resources systems that will be capable of: 
floodplain may increase the future damage in the case of a more severe flood event.
Uncertainty is in part about variability in relation to physical characteristics of the water resources systems.
But uncertainty is also about ambiguity (Ling 1993; Simonovic 1997) . Both variability and ambiguity are associated with lack of clarity because of the behavior of all system components, lack of data, lack of detail, lack of structure to consider the water resources management problems, working and framing assumptions being used to consider the problems, known and unknown sources of bias, and ignorance about how much effort it is worth expending to clarify the management situation. The more elusive type of uncertainty is ambiguity, which is due to a fundamental lack of knowledge. It occurs when the particular values that are of interest cannot be presented with complete confidence because of a lack of understanding or limitation of knowledge.
Time and space

Uncertainty caused by variability is a result of inherent fluctuations in the quantity of interest (hydrologic variables
)
Risk definition
An attempt to come up with a standardized definition of risk concluded that a common definition is perhaps unachievable and that authors should continue to define risk in their own way. As a result, numerous definitions can be found in the current literature. At a conceptual level, risk is defined as a significant potential unwelcome effect of water resources system performance or the predicted or expected likelihood that a set of circumstances over some timeframe will produce some harm that matters. More pragmatic treatments view risk as one side of an equation, where risk is equated with the probability of failure or the probability of load exceeding resistance. Other symbolic expressions equate risk with the sum of uncertainty and damage or the quotient of hazards divided by safeguards (Lowrance 1976).
Three cautions surrounding risk must be taken into consideration: risk cannot be represented objectively by a single number alone, risks cannot be ranked on strictly objective grounds, and risk should not be labelled as real.
Regarding the caution of viewing risk as a single number, the multidimensional character of risk can only be aggregated into a single number by assigning implicit or explicit weighting factors to various numerical measures of risk. Since these weighting factors must rely on value judgement, the resulting single metric for risk cannot be objective. Since risk can't objectively be expressed by a single number, it is not possible to rank risks on strictly objective grounds. Finally, since risk estimates are evidence-based, risks can't be strictly labelled as real.
Rather, they should be labelled inferred at best.
Objective and subjective risk A major part of the risk management confusion relates to an inadequate distinction between three fundamental types of risk: (i) objective risk (real, physical), R o , and objective probability, p o , which is the property of real physical systems.; (ii) subjective risk, R s , and subjective probability, p s : probability is here defined as the degree of belief in a statement. R s and p s are not properties of the physical systems under consideration (but may be some function of R o and p o ); and (iii) perceived risk, R p , which is related to an individual's feeling of fear in the face of an undesirable possible event, is not a property of the physical systems but is related to fear of unknown. It may be a function of R o , p o , R s and p s . Because of the confusion between the concepts of objective and subjective risk, many characteristics of subjective risk are believed to be valid also for objective risk (Slovic 2000) . Therefore, it is almost universally assumed that the imprecision of human judgment is equally prominent and destructive for all water resources risk evaluations and all risk assessments. This is perhaps the most important misconception that blocks the way toward more effective societal risk management. The ways society manages risks appear to be dominated by considerations of perceived and subjective risks, while it is objective risks that kill people, damage the environment and create property loss.
The main objective of this paper is to initiate a discussion of the possible methodology for the reliability analysis of water resources systems that will be capable of: The following section provides an overview of previous work. The introduction of state-of-the-art methodology based on the spatial fuzzy reliability analysis follows.
A discussion of possible ideas for completion of researchextension of the spatial fuzzy reliability analysis to include temporal variability-is in the last section of this paper.
PREVIOUS WORK Probabilistic approach
Probability is a concept widely accepted and practiced in water resources systems management. To perform operations associated with probability, it is necessary to use sets-collections of elements, each with some specific characteristics.
In the classical interpretation of probability (Equally Likely Concept), the probability of an event E can be In the frequency interpretation of probability, the limitation on the lack of knowledge about the overall sample space is remedied by defining the probability as the limit of n/N as N becomes large. Therefore, Pr(E) ¼ lim N!1 (n/N). Thus, if we have observed 2,000 starts of a pump in which 20 failed, and if we assume that 2,000 is a large number, then the probability of the pump failure to start is 20/2,000 ¼ 0.01. The frequency interpretation is the most widely used classical definition in water resources management today.
Problems with probabilistic approach
The probabilistic (stochastic) reliability analysis has been extensively used to deal with the problem of uncertainty in water resources systems management. Prior knowledge of the probability density functions of both resistance and load and/or their joint probability distribution function is a prerequisite for the probabilistic approach. In practice, data on previous failure experience is usually insufficient to provide such information. Even if data is available to estimate these distributions, approximations are almost always necessary to calculate system reliability (Ang & Tang 1984) . The subjective judgment of the water resources decision-maker to estimate the probability distribution of a random event-subjective probability approach of Vick (2002)-is another approach to deal with data insufficiency.
The third approach is Bayes's theory where engineering judgment is integrated with observed information.
Until recently the probabilistic approach was the only approach for water resource systems reliability analyses.
However, it fails to address the problem of uncertainty that goes along with human input, subjectivity, lack of history and records. There is a real need to convert to new approaches that can compensate for the ambiguity or uncertainty of human perception.
Fuzzy set approach
Fuzzy set theory was intentionally developed to try to capture people's judgmental beliefs, or the uncertainty that is caused by the lack of knowledge. Relative to the probability theory, it has some degree of freedom with respect to aggregation operators, types of fuzzy sets (membership functions), etc., which enables the adaptability to different contexts. Probability and fuzziness are related, but different concepts. Fuzziness is a type of deterministic uncertainty. It describes the event class ambiguity. Fuzziness measures the degree to which an event occurs, not whether it occurs. At issue is whether the event class can be unambiguously distinguished from its opposite. Probability arises from the question whether or not an event occurs. Moreover, it assumes that the event class is crisply defined and that the law of non-contradiction-for any property and for any definite subject, it is not the case both that the subject possesses that property and that the subject does not possess that property-holds.
Fuzziness occurs when the law of non-contradiction (and equivalently the law of excluded middle-for any property and for any individual, either that individual possesses that property or that individual does not possess that property) is violated. However, it seems more appropriate to investigate the fuzzy probability for the latter case than to completely dismiss probability as a special case of fuzziness.
In essence, whenever there is an experiment for which we are not capable of "computing" the outcome, a probabilistic approach may be used to estimate the likelihood of a possible outcome belonging to an event class.
A fuzzy theory extends the traditional notion of a probability when there are the outcomes that belong to several event classes at the same time but to different degrees. The fuzziness and probability are orthogonal concepts that characterize different aspects of human experience. Hence, it is important to note that neither fuzziness nor probability govern the physical processes in Nature. They are introduced by humans to compensate for our own limitations.
TOWARDS A NEW METHODOLOGY FOR SPATIAL AND TEMPORAL ANALYSIS OF RISK IN WATER RESOURCES MANAGEMENT Fuzzy risk definition and analysis
A new methodology starts with a definition of partial failure that provides for the water resource systems reliability analysis using three fuzzy performance measures: (i) a 
Spatial fuzzy reliability analysis
Integration of fuzzy performance indices computation with GIS allows for spatial fuzzy reliability analysis. Each cell in a GIS map is considered a decision-making location for which the computation of fuzzy indices is done as described in the previous section (Ahmad & Simonovic 2007) . representation of rivers and watersheds in a manner that was not feasible using the geo-relational data model. Olivera et al. (2000) have reported the development of a global-scale flow routing model using a source-to-sink algorithm that has been completely developed within GIS using Visual Cþþ. One limitation of this approach is its rigidity, for example for water resources reliability applications operating rules cannot be modified during a simulation. Despite the efforts to build modeling functions into GIS directly and the suitability of specific GIS packages, it is likely that most numerical models, especially those requiring exhaustive calibration, will need to parallel, rather than to work within, the GIS.
System Dynamics (SD) is a rigorous method of system description, which facilitates feedback analysis via a simulation model of the effects of alternative system structures and control policies on system behavior An attempt has been made to add spatial dimensions to SD models by Ahmad & Simonovic (2004) . A new approach, referred to as spatial system dynamics (SSD), capable of modeling dynamic processes in time and space is developed by coupling a system dynamics simulation and a geographic information system. This is achieved through a dynamic data exchange between SD and GIS. The main strength of the SSD approach is a two-way exchange of data and information between SD and GIS, providing feedback in time and For the SSD approach of Ahmad & Simonovic (2004) different architectures for coupling SD with GIS (embedded coupling, tight coupling and loose coupling) were considered. Finally, the integration under a common interface, also known as tight coupling, was used. This type of integration requires that a model is developed outside of the GIS environment and has its own data structure. The data transfer between GIS and the model is required.
The link is provided through a common interface that supports the integration of a GIS with several different models. The approach has been tested in overland flooding simulation for the Red River Basin (Manitoba, Canada).
One example of the final result of spatial system dynamics simulation is shown in Figure 5 .
The SSD approach provides the decision-makers and planners with a much needed capability to capture the spatially referenced feedback processes in dynamic systems and display their temporally varying characteristics.
The application of SSD to the overland flooding case study reveals that the approach enables the decision-maker to anticipate the flood damages (both the location and timing) that may result from the operation of flood control structures.
In the SSD approach the integration of SD and GIS adds value beyond the inherent value in the SD model or GIS used separately. SD is able to deal with spatially explicit information while allowing fundamental laws to be expressed at the cellular level 
INSTEAD OF CONCLUSIONS
Research in progress discussed in this paper is focusing on the possible methodology for the reliability analysis of water resources systems that will be capable of: (a) addressing water resources uncertainty caused by variability and ambiguity; (b) integrating objective and subjective risk and (c) assisting the water resources management based on a better understanding of temporal and spatial variability of risk.
Use of fuzzy reliability analysis provides for addressing water resources management uncertainty caused by variability and ambiguity. Risk is described using a combined fuzzy reliability and vulnerability, fuzzy robustness and fuzzy resiliency. Innovative risk definition required for the application of fuzzy reliability analysis integrates objective and subjective aspects of water resources management risk.
Fuzzy reliability analysis has been successfully extended into a spatial fuzzy reliability analysis for taking explicitly into consideration spatial variability of water resources management risk.
The remaining work will further the development of the 
